Laser-GMAW hybrid welding is an increasingly accepted technology for a variety of commercial applications, from industries as diverse as shipbuilding to automobile manufacture.
Introduction
It has been known for almost thirty years that it is possible to combine a conventional welding arc with a laser beam in a hybrid process [1, 2] , but only recently has it become one of the major research areas in welding technology. When the idea was first suggested many were still unsure of the laser's suitability for industrial use. Now that the high power laser has become established in a number of industrial applications, the possibility of uniting the two welding processes to achieve the advantages of both is much more plausible.
The main advantages of laser welding are its relatively high welding speed compared to conventional processes and the high penetration that can be achieved due to the keyhole effect.
Unfortunately, due to the small spot size of the laser, it has difficulties in some welding applications because of insufficient gap bridging capabilities as well as the high precision that is required during positioning. These shortcomings can be overcome by combining the laser with an arc welding technique such as gas metal arc welding (GMAW) or gas tungsten arc welding (GTAW). Not only is this helpful in accommodating gaps and weld-head positioner tolerance requirements whilst maintaining deep penetration [3] , but it has also been known to produce even greater welding speeds and to provide an improved weld microstructure upon cooling [4] .
Detection of weld defects using real time monitoring methods is of significant concern in industry. This is largely due to the increased production and liability costs that result when weld defects are not identified early in the production cycle. Weld monitoring systems used must be reliable, flexible and cost effective in non-clean, high-volume production environments. There are various sensors in the field of real time weld monitoring that have shown promise in detecting weld states. These include acoustic, plasma-based, optical (infrared, ultraviolet and x-ray) and electromagnetic sensors. In the laser welding process alone, the range of signal emissions from the weld zone has led to a wide range of techniques being applied to sensing of the process [5] [6] [7] . Currently, there are also several commercial systems that can analyze the signals from combinations of different types of sensors (multiple sensor fusion) to draw conclusions about either conventional or laser weld quality.
If it may be ascertained that a particular sensor signal value or trend corresponds to certain behavior in the weld pool or surroundings, then it should be possible to use this signal to predict various characteristics of the resulting weld. At this time, however, there is evidence to suggest that no single sensor can reliably detect the full spectrum of weld states. This gives birth to the concept of "fusing" a variety of sensor inputs, so that the advantages of each individual sensor can be integrated. The work reported here investigates how multiple sensors can be employed to achieve an accurate interpretation of the possible process state during laser-GMAW hybrid welding.
In-Process Sensing of laser welding and GMAW processes
The main focus of this effort lies in process monitoring in order to predict the state of the weld. To achieve this, several factors that must be taken into account. First, there must be insight into the types of signals that will be generated and emitted during each welding process, as well as an understanding of how and why these signals fluctuate as the state of the weld changes. There must then be equipment for detecting and monitoring changes in these signals. Finally, methods of analyzing the sensor output and reducing it into useful information are required.
Large bodies of work exist for sensing of laser and arc welding individually, but to date there has been little sensing work when these two processes are married into the laser-arc hybrid welding process.
There is a range of sensing techniques for monitoring the laser welding process, which includes acoustic, plasma-based, optical (IR, UV, visible and x-ray) and electromagnetic sensors [5] [6] [7] , as indicated in Figure  1 . Similarly, there are many techniques used to monitor the state of conventional are welds, including arc current and voltage [8] , as in Figure 2 . This paper details a method for sensing laser-arc hybrid welding using four different sensors: arc current and voltage readings of the GMAW system, combined with one infrared (IR) sensor and one ultraviolet (UV) sensor to monitor the electromagnetic emissions from the hybrid process. 
Brief Discussion of Measured Signals
Shown below is a brief discussion of measured signals regarding the sensors that have been employed during the study.
All objects with a temperature above absolute zero emit electromagnetic radiation in the IR regime (0.72 -1000µm). Hotter objects will produce more emission than cooler objects. Certain aspects of weld quality can be determined by correlating IR radiation in the region of the weld zone to the state of the weld. A quantum (photon) detector is a common type of infrared sensor used for converting thermal radiation to usable electrical output. These are made of semiconductor materials such as germanium or silicon, which produce charges when excited by thermal radiation [9] . These sensors can provide information on the temperature of the weld pool and the surrounding material. By monitoring IR emissions, it is possible to monitor features such as bead width and penetration [5] [6] [7] .
Radiation concentrated in the UV band of the electromagnetic spectrum (0.01 -0.4µm) can be associated with plasma formation. During laser welding, the keyhole acts like a plasma pump, so that keyhole stability directly affects the plasma, and therefore the UV emissions.
The oscillation frequency of the UV signal can be related to the weld stability. These keyhole dynamics will no doubt be affected when combined with an arc system, and understanding of this area is quite limited. The electron density in the plasma is strongly influenced by its temperature.
Methods for detecting flaws in automatic, directcurrent gas metal arc welding using the process current and voltage signal have been developed. The hardware for the system consists of a voltage probe, current transducer, data acquisition apparatus, and computer. The current and voltage signals are acquired and processed with a computer [14] . Arc current and voltage are intimately related to the arc length. Weld defects may cause a perturbation in the arc and hence its length will fluctuate. The current and voltage signals will vary proportionally and these fluctuations, and can therefore be related to individual defects [8] . Other conditions, such as contamination, can also affect the resistance through the arc, and therefore can be correlated to deviations in the arc current and voltage signals. In GMAW, the frequency of oscillation of the signal can be related to the droplet frequency and therefore the mode of metal transfer (globular, spray, etc.) [8] .
Experimental Methods

Equipment Set-up and Operation
A constant voltage Lincoln Electric Model 455/STT Power supply and wire feeding system was integrated with a Hobart Model M3000 3kW Nd:YAG laser having a fiber optic beam delivery. A schematic diagram of the proposed setup is shown in Figure  3while a photograph of the actual setup is shown in Figure 4 . The various sensors, also shown in Figure  4 were positioned after initial trials to ensure acquisition of a useful signal. The welding gun was held in place by a system of movable clamps that allowed the gun to be manipulated in all three Cartesian coordinates and an angle of rotation. The work-piece was held in place by clamps and was moved through the use of an automated manipulation device. The bottom right of the photograph shows the negative terminal clamp connected to the work-piece. An arrangement of air knives were set up next to the lens and directly onto the focusing optics to prevent any damage as it was recognized that a large amount of spatter may occur at times in sub-optimal processes.
The operation of the GMAW system and laser system were tightly integrated so the entire hybrid process could be automatically controlled. The shield gas employed during all experiments was 75% Ar / 25% CO 2 . In some experiments, an additional 100% Ar cross jet was incorporated. Once the arrangement was established, a number of tests were performed in order to optimize the various process parameters. Initially tests involved GMAW alone. Individual laser welds were also performed, sectioned, and macroscopically evaluated before advancing to the hybrid process.
Sensing
Most of the significant sensing results were found in the measured current signal, and hence many of the other signals are not included in this section. The GMAW power supply operated at a constant voltage, so any direct electrical change was conveyed through the current signal. The IR and UV signals were extremely noisy and in many cases did not display suitable fluctuations for input variations and useful conclusions could be drawn. The IR and UV signals did however show significant effect during the laser deactivation experiments and were therefore included in that section.
Half Hybrid/MIG
Current Analysis
For this series of experiments, a hybrid laser-GMAW bead-on-plate weld was performed, and the laser was terminated halfway through the weld length, in order to observe variations in sensor output. The results of the welding current from the GMAW process obtained during these experiments are sown in Figures 5 through 8 . At the lower voltages for a constant wire speed there was a dramatic increase in current when the laser was removed from the system. At 18 V it can be seen that there is an increase in current of approximately 30 amperes upon deactivation of the laser, which is shown in Figure 5 . In all cases, WFS was 180 ipm {76 mms -1 }, gas flow rate was 35 CFH, and the laser was applied for the first half of the weld, then deactivated for the second half. The development of a suitable explanation for this deactivated phenomenon is challenging; however, several theories are presented. The first theory is that the value of the current is directly related to penetration. As arc length increases, which can be caused by increasing penetration depth, resistance also increases. The constant voltage power supply used during the experiments exhibits a positive slope for the voltage and current characteristics. Hence, penetration, arc voltage, and welding current would be directly proportional. Therefore, as penetration decreases when the laser is deactivated, the current must increase. At the low voltages, such as 18 V, the difference between the penetration of the hybrid and the GMAW welding process is much greater. This could explain the relatively large increase in current when deactivating the laser. In GMAW welding, the penetration has been shown to increase as the voltage is increased. Therefore, one can expect less of a difference in penetration when the laser was deactivated and therefore a smaller increase in current. However, other hybrid experiments involving an increase of laser power, and therefore penetration, did not show a decrease in current, and therefore provides evidence that raises questions with this theory.
Another explanation may involve direct laser interaction with the arc plasma. The laser beam delivers photons, and when they strike a surface they cause electrons to be stripped from parent atoms by thermal agitation (ionization). These electrons are then absorbed directly by the beam by the Inverse Bremsstrahlung effect. Hence, it may be possible that the electrons flowing across the arc are directly absorbing photons from the beam and therefore causing a decrease in current when both processes are activated. The problem with this theory in light of the experimental evidence is that if the laser beam is directly interacting at the weld zone, then its additional energy should cause a decrease in resistance, which should lead to an increase in current. However, this effect was not observed. It is also be possible that due to the extra energy provided by the laser beam, there is less need for such a large current to flow to maintain the equivalent voltage drop across the arc.
Considering the physics of the arc, it is known that the cathode region of the arc at atmospheric pressure can be divided into three regions: the contraction zone, the high luminosity zone and the space charge zone. The transition region between the arc column proper and the space charge zone is known as the contraction zone and consists of a relatively low current density. This is compared to the space zone where current density is relatively high. There is a narrow region of intense luminosity at the end of the transition zone which merges in to the space charge zone. There is a high potential gradient in the space charge zone that accelerates electrons away from the electrode surface and accelerates ions towards the metal surface. The interesting factor, especially when introducing a laser into the process, is that the space in which the electrons and ions are accelerated must be kept collision free. The velocity of an ion or electron in the direction at right angles to the metal surface in this region depends on the energy it acquires from the electric field. When the laser is active it passes through the arc and causes multiple photon/electron collisions. The energy provided by the laser must make a difference to the velocity of the electrons and must therefore cause changes to the voltage and current in the GMAW system.
In this case, the system involves the operation of a thermionic cathode so an electron emitted from the cathode, possibly by +ve ion impact, is accelerated by the strong electric field. Once the electrons have gained enough energy by travelling through sufficient change in potential, electron multiplication may take place due to the ionizing collisions with gas atoms that can occur. This multiplication leads to large amount of electrons able to ionize at some distance from the cathode surface where a negative glow region begins. As the positive ions have a relatively low velocity compared with that of electrons, they form in large numbers in this region. This creates a strong positive space charge, which produces a voltage drop.
The aforementioned explanations are an attempt to explain the observed phenomenon during the interaction of the laser and GMAW arc. More investigations are required to properly determine this interaction. In any case, the data acquired would suggest that it is certainly possible to sense the presence of the laser during the hybrid process in a non-obtrusive manner.
Sensing Laser Position Relative to GMAW Torch
To evaluate the effect of varying the laser position relative to the GMAW torch, it was decided that 22 V and 215 ipm {91mms -1 } WFS were used. This set of experiments involved analysis of signals produced when the laser was positioned to interact at various positions along the weld direction relative to the GMAW torch. The experiment involved the laser leading the GMAW and in others it would be trailing or simultaneously striking the same spot. The positional measurements were obtained between where the consumable electrode extended to the surface, and the laser beam focus spot. The results of the experiments are shown in Figure 9 . The outcome of the current signal also raises several questions. Although the positional measurements are from the point at which the extended wire would meet the work-piece, the arc will tend to take the path of least resistance to the work-piece. This is an important fact to consider when evaluating the results. When the laser trailed the GMAW by the greatest amount, the current signal was at its highest. This may be due to the relatively low penetration at 22 V. This decreased penetration means reduced resistance and therefore a higher current. As the laser beam is positioned increasingly closer to where the arc forms, the current signal decreases. This is suspected to be due to the penetration of the laser occurring in the arc region and therefore increasing arc length. When the laser was leading the electrode work-piece, it resulted in producing a path of least resistance for the arc. The additional penetration associated with this condition may cause of the sudden decrease in current.
These observations continue to raise the question of whether electron/photon interaction may be responsible for the decrease in current. As the beam is moved further into the arc there is a greater degree of interaction between the laser energy and the arc plasma. Then again, it must be questioned whether the laser beam's interaction with the arc would decrease the resistance across the arc and increase current. It may be possible that fewer electrons are required to establish the arc when the laser beam is providing additional energy.
Once again, an important outcome was that the relative position of the laser in regard to the GMAW position could be identified by an unobtrusive method.
Surface contaminants
One process variable that was evaluated was the introduction of contamination onto the surface. This study involved the addition of oil at a specific location along the weld path. The top portion of Figure 10 shows the current signal produced when a small drop of oil was placed about halfway along the weld path. In the bottom portion of the figure, the oil was placed nearer the beginning of the weld. It can be seen in both graphs that there is a decrease in current at the position where the oil was placed on the surface. This is likely due to decreased arc resistance as the volatile organic contaminant, with lower ionization energy than the metal substrate, is converted into the arc plasma. The fact that the current drops when the hybrid process passes over the contaminated surface proves that this anomaly can be readily sensed during hybrid welding. This has also been previously shown to occur in the case of arc welding. Arc Stabilization Figure 11 depicts the results of an early experiment to measure the effect of the laser on the electrical characteristic of the arc. The weld is initially stable during the hybrid half but when the laser is deactivated the GMAW began to short circuit, as evidenced by the large, regular, rapid rise in current. Evidently. the laser beam has helped to stabilize the arc and further supports the belief of electron/photon interaction during the hybrid process. Figure 11 . The stabilizing affect of the laser, applied in the first half of this hybrid weld, is readily apparent.
Other Results of Note
Electrode stick-out and joint gap are conditions that have been sensed in previous work in the GMAW process.
Observations from these experiments indicate that when the stick-out distance increases or the joint gap becomes wider, the resistance between the anode and cathode increases, so therefore current decreases. Though the data is not presented here, it was encouraging to verify that these phenomena could still be sensed during hybrid welding.
Conclusions
The physics of arc welding and laser welding as separate studies are both complex and not fully understood. For this reason, it has been difficult to fully understand the complicated physics of both processes occurring simultaneously. Several theories have been presented to explain the various phenomena that were observed during sensing, especially relating to current. Unfortunately, it is not possible at this stage to certify any particular theory; however, multiple experiments designed to inject perturbation into the hybrid process indicated the possibility to sense these conditions through the use of non-intrusive and inexpensive sensors.
